The mixing of coolant air jets with the hot gas exiting the primary zone is of major importance to the combustor exit temperature profile. Geometry and momentum flux ratios are the dominant parameters. A theoretical and experimental study of single as well as opposite wall jet injection into a hot cross flow reveals the applicability and limitations of existing correlations. Modified correlations are presented for opposite wall injection with jets of different momentum flux ratios. The advantages in applying field methods for describing the flow are discussed.
INTRODUCTION
Operation at elevated turbine inlet temperatures imposes stringent limitations on the quality of the combustor exit temperature profiles, which should be matched carefully to the blade stress levels in order to maintain extended lifetime and ensure reliability.
The temperature profile at the combustor exit depends decisively on the mixing of the cooling air jets with the combustion products in the dilution zone (1), (2) , (3) . Prediction methods are here of cardinal importance not only due to the number of parameters involved but also because cf the increasir^5 costs of experimental investigations. The penetration and mixing characteristics of rows of cooling jets injected into a not confined cross flow, therefore, have been the subject to several experimental studies (4), (5) . The experimental results of Walker and Kors (4) of the mixing of a row of jets with a confined, plane, not cross flow (see Figure 1 ) have been used extensively in developing empirical correlations of the scaling parameters (2), (6), (7) to predict the temperature distribution.
These correlations are applicable only for single wall injection, as shown in Figure la . However, for opposite wall injection, which is of high importance for the design of annular combustors, Cox (3) suggested that the correlations for the single wall injection could be used with some modification. For the particular case of two, directly opposite rows of jets, Figure 1b , experiments show (e.g. (8) ) that the plane of symmetry between the two rows acts almost like a wall. Cox utilized this fact to define an "equivalent duct height" for each row of jets, which depends on the ratio of their momentum fluxes. In considering annular combustors, he also made sug- With the aid of the experimental results, the applicability and limitations of the empirical multiple jet correlations (e.g. (2), (7)) for the case of double wall, directly opposite jets have been made possible.
Prediction methods based on the numerical solution of the time averaged conservation equations of mass, momentum and energy are also applied to compute the temperature profiles in mixing processes. Various aspects of the numerical procedure are described elsewhere (9) , (10) .
EXPERIMENTAL FACILITY
The experimental facility is shown schematically in Figure 2 . Air from the compressor is subdivided into the primary and the mixing jet flow. Adjustable valves and standard orifice meters facilitate accurate control and volumetric flow measurements within the three ducts respectively. The primary air flows through an electric heater (AT -350 °C) into a settling chamber fitted with turbulence grids. It enters the test section of 300 mm x 100 mm cross sectional area through a nozzle with a contraction factor of 20.8. The mixing air is led into the secondary air chambers, where the flow is stabilized before it is injected into the test section through exchangeable orifice plates mounted in the top and bottom walls of the test section. The gases are exhausted into a suction nozzle at the exit of the test section as shown in Figure 2 . The temperature profile at the entry of the test section was found to be uniform within ± 1 %. The field measurements of toe temperature were accomplished by means of a rake consisting of 13 total temperature/total pressure probes. The temperature distribution at the walls has been also recorded by means of calibrated NiCr-Ni thermocouples. Due to the symmetry of the flow, it is sufficient to measure between the two planes of symmetry only, i.e. Z/S = 0 and Z/S = 0.5 ( Figure 1 ).
Computer assisted data acquisition is necessary as a large matrix of data is obtained and has to be analyzed. The results presented here are concerned with temperature measurement only. Simultaneous temperature and velocity field measurements have been made as well. In a first attempt to clarify the accuracy of the numerical calculations and to provide a comparison with the existing correlations, a sequence of tests was initiated with single wall injection. Table 1 illustrates the variation of the relevant parameters such as jet and duct geometry, momentum flux ratio and respective temperatures.
As shown in Figures 3a and 3b for the conditions of test No. 2 ( Table 1) Holdeman and Walker (7) are quite satisfactory. It should be noted that the measurements were taken at Z/S = 0.4 (not at Z/S = 0.5) due to the specific design of the probe rake. Also, three-dimensional calculations (10) reveal a slight shift of the temperature minimum towards the injection wall of the duct, whereas the earlier correlations (2), (3) can lead to an overprediction of the temperature at the jet-opposed wall (Z/S = 0.4) with T > T-, which is physically impossible, and an underprediction towards Y/I-I = 0.8. It should be noted here, that in applying the correlations, conservation laws are not always strictly observed. In general however, in predicting temperature profiles good agreement is obtained between the various calculations and the measurements.
Opposite Wall Injection
In extending the results from single wall injection to conditions found in combustor application, i.e. opposite wall injection with differing momentum flux ratios as experienced in annular combustors, a sequence of experiments with directly opposite jets (see Figure  1b) was initiated. Typical test conditions are Cox (3) suggests that in applying his correlations, a symmetry plane, which is observed with directly opposite jets, can be assumed representing a solid (fictitious) wall. The temperature distribution, therefore, can be obtained from the superposition of two separate profiles ( 3 ). In positioning the plane of symmetry the following equation has been suggested by Cox to determine an equivalent height H eq (see Figure 1b Bid is the ideal dimensionless mixing temperature. In generalizing, therefore, it is necessary to expand equation (2) For details see the analysis presented by Cox (3) . In comparing the profiles obtained using the correlations with the experimental data, good agreement was observed only for identical and small momentum flux ratios as shown in Figures 4a to 4d. As expected, the correlations will not hold as soon as higher momentum flux ratios are required, i.e. whenever the jets will combine in the meridional plane (Y/H = 0.5). A typical example is shown in Figure 5 , where where a and again have to be determined by correlating available experimental data. a and 6 will vary between 0 and 1. In a first approximation for modest momentum flux ratios, however, a and 5 may be set to 0.5.
Large deviations were found between experiment and correlations for higher differences in the momentum flux ratios for opposite jet injection. This is illustrated in Figure 7 . One reason for the underprediction of the temperature maximum is found in the fact using equations (1) and (2) 
CONCLUSIONS
In applying existing correlations derived from single wall jet injection for the determination of the temperature profile in a hot gas cross flow to opposite wall injection, good agreement is obtained for low momentum flux ratios. Modified correlations are presented. Their general applicability, however, should be tested under an extended range of determining parameters. For example, up to now the influence of staggered, oblique injection and converging duct geometry has not been analyzed. Furthermore, it is quite questionable, whether the correlations can be applied for combustor flow with profiled mixing zone entrance conditions, i.e. temperature and velocity profiles.
As indicated earlier, the application of numerical solutions, i.e. the utilization of field methods in solving the time-averaged basic equations, seems to be a more promising approach. Despite an unquestionably higher effort required, field methods are capable of incorporating a broad range of boundary conditions and providing solutions for all flow parameters, i.e. temperature, pressure, 
